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Project  Accomplishments: 

The  primary  goal  of  this  project  was  to  develop  new  ideas  in  the  area  of  nonlincarities  in 
negative  refractive  index  media,  with  particular  focus  on  the  optical  regime  as  this  is  a 
regime  that  exhibits  strong  nonlincarities.  As  mctamaterials  are  composed  of 
subwavelength  unit  cells  by  their  very  nature,  metamatcrials  in  the  optical  regime  arc 
nanostructures.  Thus,  the  research  directly  addressed  novel  nonlinear  effects  in  nano- 
structured  negative  index  metamaterials.  The  specific  nonlinearities  that  were  studied 
were  the  nonlinear  susceptibilities,  nonlinear  wave-mixing  and  long  wave  short  wave 
resonance  properties  of  negative  refractive  index  media.  The  research  in  this  area 
revealed  that  nonlinear  mctamaterials  could  be  used  for  distortion/nonlinearity 
compensation,  perfectly  phase  matched  wavelength  conversion  and  terahertz  generation 
from  optical  pulses. 

We  theoretically  explored  the  effective  second-order  and  third-order  nonlinear 
susceptibilities  as  well  as  the  three-wave  mixing  (nondcgcncrate)  and  four-wave  mixing 
properties  of  negative  refractive  index  materials.  An  important  result  that  emerged  about 
the  nonlinear  susceptibilities  for  both  ccntrosymmctric  and  noncentrosymmetric 
metamatcrials  is  that  their  signs  may  be  positive  or  negative  depending  on  the  frequency 
of  interest  relative  to  the  resonant  frequencies  of  the  media.  A  negative  refractive  index 
medium/metamaterial  with  a  negative  third-order  nonlinear  susceptibility  may  be  used  to 
compensate  nonlinear  effects  produced  by  another  medium  that  has  a  positive  third-order 
nonlinear  susceptibility;  thus,  important  applications  may  be  distortion  compensation  in 
surface  to  air  communication,  and  nonlinearity  compensation  in  optical  fiber 
communication  systems.  Our  comprehensive  analysis  of  nonlinear  wave-mixing  also 
yielded  some  very  interesting  results.  We  found  that  perfect  phase  matching  is  possible  in 
a  variety  of  coll  inear  three-  and  four-wave  mixing  configurations  if  at  least  one  of  the 
interacting  waves  is  in  the  negative  index  regime.  Our  study  on  nonlinear  wave  mixing  in 
negative  index  media  opens  up  the  possibility  for  a  new  class  of  wavelength  converters. 

We  discovered  that  the  nonlinear  phenomena  of  long  wave  short  wave  (LWSW) 
resonance  can  be  realized  in  negative  refractive  index  media.  Long  wave  short  wave 
resonance  occurs  when  the  group  velocity  of  a  short  wave  (high  frequency  wave)  is  equal 
to  the  phase  velocity  of  a  long  wave  (low  frequency  wave).  Owing  to  the  dispersion 
relation  of  negative  index  media,  it  is  possible  to  satisfy  the  LWSW  resonance  condition 
when  the  short  wave  lies  on  the  negative  branch  (thus  exhibiting  negative  refractive  index) 
of  the  dispersion  curve.  We  found  that  the  coupled  equations  that  govern  the  resonance 
condition  have  a  pondermotive  force  term,  which  is  the  spatial  variation  of  the  optical 


power  density  that  essentially  drives  the  system.  However,  our  work  introdueed  the 
concept  of  using  a  second-order  nonlinearity  for  efficient  resonant  coupling,  which  is 
different  from  past  work  done  in  the  area  of  slow  light  where  the  pondermotive  force 
alone  was  the  local  nonlinearity.  The  source  of  the  second-order  nonlinearity  in  a 
metamaterial  may  be  from  the  background  dieleetrie  or  from  the  inherent  response  of  the 
negative  index  medium.  We  also  showed  that  a  number  of  interesting  solutions  exist 
depending  on  the  effective  material  parameters  of  the  medium.  The  solutions  inelude 
solitary  waves,  paired  solitons  and  periodic  wavetrains.  The  major  application  of  sueh  a 
resonance  is  the  generation  of  terahertz  waves  from  an  input  optieal  wave.  We  consider 
this  to  be  a  breakthrough  application  of  mctamaterials  as  terahertz  radiation  has  a  variety 
of  important  applications  including  security,  imaging,  sensing  and  spectroscopy. 

In  conclusion,  the  research  in  the  area  of  nonlinearities  of  negative  refractive  index  media 
has  revealed  novel  phenomena  in  as  well  as  important  applications  for  metamaterials. 
Future  research  in  this  area  may  provide  further  breakthrough  ideas  and  applications  for 
negative  refractive  index  media. 
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